It has recently been pointed out that a component of the observed gamma ray emission in the low-latitudes of Fermi Bubble has a spectral shape that can be explained by a 10 GeV dark matter (DM) annihilating to tau leptons with a cross-section of 2 × 10 −27 cm 3 /s. Motivated by this possibility, we revisit the annihilation of a 10 GeV neutralino DM in the MSSM via stau exchange. The required stau masses and mixing, consistent with LEP direct search and electroweak precision constraints, are correlated with a possible enhancement of the Higgs decay rate to two photons. We also explore the implications of such a scenario for DM relic density and the muon anomalous magnetic moment, taking into account the recent ATLAS bounds on the chargino and the first two generation slepton masses, as well as the constraints on the Higgsino fraction of a 10 GeV neutralino.
Introduction
The observation of two large gamma-ray lobes in the Fermi-LAT data, extending about 50
• above and below the Galactic Centre [1] , has generated a lot of interest regarding its origin in possible astrophysical processes. Recently, by studying the variation of the gamma-ray spectrum in these Fermi Bubbles with Galactic latitude, it was argued in Ref. [2] that far away from the Galactic plane, above latitudes of about 30
• , the spectrum can be explained by inverse Compton scattering of the interstellar radiation with cosmic ray electrons. On the otherhand, within around 20
• of the Galactic plane, the spectrum is found to have a peak at energies of 1-4 GeV, which is a feature difficult to explain by the same mechanism with a realistic electron population [2] . As possible explanations of the non-inverse Compton component, cosmic ray protons scattering with gas, a large population of millisecond pulsars and dark matter annihilations have been studied by comparing their predictions with the low latitude emission, after subtracting the inverse Compton component [2, 3, 4, 5, 6 ]. The resulting gamma ray spectrum from dark matter (DM) annihilation is found to provide a good fit to the background subtracted low latitude data, using a generalized Navarro-FrenkWhite profile for DM distribution, with a slightly steeper inner slope of 1.2, and a local DM density of 0.4 GeV/cm 3 . The possible DM mass and annihilation rate include a 10 GeV DM annihilating to τ + τ − , with an annihilation rate σv ∼ 2 × 10 −27 cm 3 /s, or a 50 GeV DM annihilating to bb, with σv ∼ 8 × 10 −27 cm 3 /s [2] . For details on the extraction of this possible signal, we refer the reader to Ref. [2] , and for alternative possibilities of DM annihilation modes to Ref. [4] . The annihilating DM model discussed above can also account for gamma ray emissions with similar spectral features previously identified close to the Galactic Centre [2, 7] .
In the R-parity conserving minimal supersymmetric standard model (MSSM), the lightest neutralino,χ 0 1 , is a viable DM candidate, whose mass can range from a few GeV to several TeV. The neutralino DM in all mass range have been studied as a possible thermal relic in specific models of supersymmetry (SUSY) breaking as well as in a general phenomenological MSSM [8, 9] . In particular, lower bounds on the mass of a light neutralino DM (χ 0 1 ) have been obtained in the MSSM under various assumptions, taking into account constraints from accelerator, flavour physics and direct detection experiments. In general, although a light O(10 GeV) neutralino is allowed by most constraints, the requirement of a sufficiently large thermally averaged annihilation cross-section at the epoch of its freeze-out in the early universe (so that DM is not over-abundant in the present epoch), brings in a certain amount of tension in the MSSM parameter space. However, possible alternative thermal histories of the universe, for instance, the effect of late-time decay of a heavy particle like moduli into light states (without disturbing the successful big-bang nucleosynthesis), have also been discussed in various contexts, which can revive parameter points in which the DM relic density is otherwise predicted to be larger [10] .
Motivated by the analysis of the gamma-ray data in the Fermi Bubble discussed above, and the possibility that light DM annihilation can provide a second emission mechanism necessary to explain the features of the non-inverse-Compton component, we revisit the case for a 10 GeV neutralino DM (χ 0 1 ) annihilating to τ + τ − in the context of the MSSM. The dominant contribution to this annihilation process in the MSSM comes from the exchange of scalar partners of tau leptons (stau), and therefore, the requirement of an annihilation rate of σv 0 ∼ 2 × 10 −27 cm 3 /s constrains the model parameters in the stau sector, namely the stau masses mτ 1 , mτ 2 , and the mixing angle θτ . Interestingly, the same set of MSSM parameters in the stau sector determine the dominant SUSY contribution to the Higgs boson (h) decay rate to two photons measured at the Large Hadron Collider (LHC). Both theχ 0 1 annihilation rate to τ + τ − and the h → γγ decay width are enhanced in presence of a lightτ 1 , a large mixing θτ between the stau current eigenstates and a large mass splitting ∆mτ = mτ 2 − mτ 1 . The central value of the h → γγ signal strength measured by ATLAS is 1.6 (although consistent at 2σ with the SM prediction and the CMS measurement), and hence there is a possibility that evidence for new physics might show up in this channel in the future LHC runs. The primary goal of this paper is therefore to correlate these two observables and find out the parameter region in the stau sector consistent with both of them.
The stau masses and mixing angle are, however, constrained by LEP direct search for stau pair production, as well as electroweak precision measurements. We revisit both these constraints in our study. Using the LEP stau search limits, we clarify the mixing angle dependence of the bound onτ 1 mass, and from the electroweak precision constraints, we determine the allowed splitting between the mass eigenstatesτ 1 andτ 2 . Although from LEP constraints on chargino mass and the Z-boson total invisible width, a 10 GeVχ 0 1 has to be dominantly bino-like, it can still have a small Higgsino fraction. Moreover, recent bounds on the chargino mass from the 8 TeV LHC, as well as the current upper bound on the Higgs boson invisible branching ratio obtained from a global fit of the LHC Higgs measurements can lead to more stringent constraints on the Higgsino fraction of a 10 GeV neutralino, depending upon the values of some other SUSY parameters. After determining the allowed Higgsino fraction taking all these constraints into account, we comment on its implications for theχ 0 1 annihilation cross-section to tau leptons. Combined with the current limits on the first two generation slepton masses from the ATLAS collaboration, this bound on the Higgsino fraction also has implications for the relic density of theχ 0 1 , its direct detection rate, and the SUSY contribution to the anomalous magnetic moment of the muon g − 2.
This paper is organised as follows. In section 2 we discuss the constraints on the relevant MSSM parameters. We studyχ 0 1 annihilation to τ + τ − in the present universe and determine the stau masses and mixing necessary to reproduce the annihilation rate σv 0 in section 3. In section 4, we correlate these parameters with the h → γγ decay rate, after including the stau loop contributions. Taking into account the current constraints on slepton masses, the relic density of a 10 GeVχ 0 1 is briefly discussed in section 5, while the MSSM contribution to the muon g − 2 in this context is evaluated in section 6. We summarize our findings in section 7.
Constraints on relevant MSSM parameters
In this section we revisit the present constraints on the MSSM parameters which will be crucial to our study. The most important parameters are the stau masses and mixing, which determine both the annihilation cross section σv(χ 0 1χ 0
as well as the possible enhancement of Γ(h → γγ). We also discuss the bounds on the Higgsino fraction of a 10 GeV neutralino, combined limits on the first two generation slepton masses from LEP and recent ATLAS results, and the LEP2 and recent LHC limits on charginos.
LEP search for stau pair production
The stau mass eigenstates,τ 1,2 , are linear combinations of the current eigenstatesτ L,R . We take the masses mτ 1 , mτ 2 and the mixing angle θτ as the free parameters in the stau sector. The relationship between the soft SUSY breaking parameters and the masses and mixing angle are reviewed in Appendix B. The most stringent bound on mτ 1 comes from the direct search ofτ 1 pair production at LEP, where staus can be pair produced by the s-channel exchange of a Z and a γ. Since the couplings ofτ L,R to the Z boson are different, the stau pair production cross section depends on the stau mixing angle θτ . The cross-section for e + e − →τ 1τ1 is given by
where s is the center-of-mass energy squared, β = 1 − 4m
/s is the stau velocity, and g L,R are given in terms of the SU(2) L gauge coupling and the weak mixing angle as g L = g Z (−1/2 + sin 2 θ w ), g R = g Z sin 2 θ w , where g Z cos θ w sin θ w = g sin θ w = e. The cross section is symmetric about θτ = 0
• . In our convention for the mixing angle,τ 1 is purelyτ L for θτ = 0
• , while it is purelyτ R for |θτ | = 90
• . In Figure 1 (a), we show the production cross section ofτ 1τ1 normalized to that ofτ RτR as a function of the stau mixing angle. This ratio does not depend on mτ 1 , but as can be seen from this figure, has a small dependence on √ s. The solid, dotted and dashed curves denote the three LEP centre of mass energies of √ s = 200, 209 and 183 GeV respectively. We can see from this figure that the cross section is maximum at θτ = 0
• (τ 1 =τ L ), while it reaches a minimum at around |θτ | ≃ 50
• , which corresponds to nearly maximal mixing betweenτ L andτ R .
In table 1 , we summarize the 95% C.L. lower limits on the lightest stau mass mτ 1 from the ALEPH, DELPHI and OPAL collaborations [11, 12, 13] . These bounds are reported for both |θτ | = 90
• and |θτ | = 52
• cases, under the assumptions BR(τ 1 → τχ 1 For our numerical analysis, we quote both the ALEPH bound, which is the most conservative one, and the OPAL bound, which is the most stringent. Interestingly, the observed ALEPH bound is lower than the expected one, since they obtained a small excess over the background in acoplanar tau events in their 1999 data [15] . In Figure 1 ( [11, 12, 13] , assuming BR(τ 1 → τχ 0 1 ) = 1 and mχ0
Bounds on first two generation sleptons and chargino
As far as the LEP2 bound on the lightest smuon mass is concerned, the most stringent limit comes from the OPAL collaboration [13] . Assuming that BR(μ 1 → µχ 0 1 ) = 1 and mχ0 1 = 0 GeV, the lower bound at 95% C.L. is [13] mμ 1 > 94.3 GeV at |θμ| = 90
• ,
where |θμ| = 90
• corresponds to the caseμ 1 =μ R . Recently, using the LHC data at 8 TeV, the ATLAS collaboration has reported the following bounds on the smuon mass at 95% 1 The analyses by L3 [14] assume GUT unification conditions of the gaugino masses, and hence they do not give bounds for the limit BR(τ 1 → τχ
C.L. [16] , using the same assumptions as above:
The above bounds are obtained assuming that eitherμ R orμ L contributes to the crosssection. If both of them are light, common values for the left and right-handed slepton masses (ml
) between 90 GeV and 320 GeV are excluded by ATLAS at 95% C.L. for a massless neutralino. The ATLAS bounds on the masses ofẽ R andẽ L are the same as that for smuons in eq.(3), while the lower mass bound from LEP is 98 GeV forẽ R with mχ0 1 = 10 GeV (ALEPH [11] ). The limits on the slepton masses from LEP and ATLAS are thus complementary, excluding the whole mass region below 230 GeV forl R and 300 GeV forl L .
The constraints on the chargino mass are especially important for the muon anomalous magnetic moment to be considered in section 6, and also in determining the possible Higgsino fraction of a 10 GeVχ 0 1 . For the lower bound on the lighter chargino mass from LEP, the most stringent limit comes from DELPHI, and is given at 95% C.L., by [12] 
which are obtained under the assumptions that the mass of the electron sneutrino mν e > 1000 GeV and the mass difference betweenχ ± 1 andχ 0 1 is larger than 10 GeV. Although when the chargino is wino like, t-channel exchange of the electron sneutrino can suppress the chargino pair production cross section, the dependence of the mass bound on mν e is small. When mν e = 300 GeV, the bound on the wino-like chargino mass reduces to 102.7 GeV.
In a scenario with a light stau, which is the focus of our study, a chargino can dominantly decay to final states containing a tau lepton, via an intermediate on-shell stau or a tau sneutrino. The ATLAS collaboration has searched for chargino pair production followed by the above decay chain, giving rise to a 2τ
± + E T / final state. Using the 8 TeV LHC data with an integrated luminosity of 20.7 fb −1 , the current ATLAS lower bound at 95% C.L. is given by [17] 
The above bound is obtained in a simplified model assuming that the pair produced charginos give rise to the 2τ ± +E T / final state with 100% branching fraction, and the lightest neutralinõ χ 0 1 produced from theχ ± 1 decay is massless. Thus combining the LEP and LHC limits, we shall consider charginos to be heavier than 350 GeV, although this lower bound gets relaxed once we depart from the above simplified model and consider wino-Higgsino mixed charginos. For example, we can translate the above bound for a wino-likeχ 
Oblique corrections from staus
In this section we study radiative effects of the staus to electroweak observables through universal gauge boson propagator corrections (oblique corrections). We find that the particle spectra relevant to this study are not only consistent with the precision data, but in some cases can improve the fit to the data. Before discussing the stau effect in detail, we briefly mention the effects from a very light 10 GeV neutralinoχ 0 1 or a chargino satisfying the LEP and LHC bounds. As we shall see in section 2.4, a 10 GeVχ 0 1 can only be an almost pure bino state. Since the bino couples neither to the W boson nor to the Z boson at the tree level, the oblique corrections from a 10 GeVχ 0 1 are thus negligible even with its very small mass. We have numerically verified this. As far as the chargino contribution is concerned, as discussed in section 2.2, based on the combined LEP bound and the recent ATLAS bound in a scenario with a light stau, we take the lighter chargino to be heavier than 350 GeV. A chargino with this mass does not contribute significantly to the oblique corrections.
Following refs. [18, 19, 20] , we adopt the three oblique parameters S Z , T Z and m W , and calculate the stau contribution to them. As discussed in Ref. [21] , we take the following constraints on the shifts ∆S Z , ∆T Z and ∆m W from the reference SM values of S Z , T Z and m W at the reference point, (m t , m H SM , ∆α 
where ρ corr is the correlation between the errors in eqs. (7a) and (7b), and ∆g b L represents the shift of the Zb L b L vertex correction from the reference SM value, which has a significant m t dependence while all the other process specific (non-oblique) corrections do not. However the contributions from the MSSM particles to ∆g b L are negligible. The SM contributions to these shifts at different values of m t and ∆α (5) had (m 2 Z ) are shown in Ref. [21] . In the upper two and the lower left plots of Figure 2 , we show the stau contribution to ∆S Z and ∆T Z . The best-fit point is marked by a × and the 39% confidence level contour given by the 1σ errors and the correlation of eq. (7) are also shown. 2 The non-shaded region is consistent with the precision data at the 39% confidence level. We have taken tan β = 10, although the results in the figure do not change much at larger values of tan β. the radiative corrections change as the stau mixing angle |θτ | varies between 25
• and 60
• . Note that the radiative corrections to ∆S Z and ∆T Z are symmetric about θτ = 0
• . It is remarkable that the radiative corrections in the (∆S Z , ∆T Z ) plane grow as ∆mτ is increased from 100 GeV (upper left) to 300 GeV (lower left) when mτ 1 is fixed, and that the stau contribution improves the fit to the data when the mixing is nearly maximal |θτ | ∼ 45
• . The effect is, however, not quantitatively significant, since the SM prediction at the origin is well inside of the 1σ (39% C.L.) allowed region.
In the lower right plot of Figure 2 , we show the stau contribution to the W boson mass, ∆m W . The SM prediction at the reference point is shown by the vertical dashed line at the origin, while the data is shown by the vertical solid line at ∆m W = 0.025 GeV. The shaded region shows the 1σ uncertainty. The stau contribution is expressed in the same manner as in the (∆S Z , ∆T Z ) plot, except that the ▽ points for mτ 1 = 100 GeV are dropped in this plot. It can be observed that the light stau makes the fit better than the SM especially when ∆mτ = 100 GeV for |θτ | ∼ 25
• or when ∆mτ = 300 GeV for |θτ | ∼ 45
• . These improvements in the fit can be significant since the SM prediction is about 1.7σ away from the data.
To summarize our findings in this section, the mass spectra of the staus considered in this study do not contradict the electroweak precision data at the 1σ level. By combining the results in Figure 2 , we find that the existence of a light stau satisfying ∆mτ = 300 GeV with nearly maximal stau mixing is slightly favored by the electroweak precision data. 
Higgsino fraction of a 10 GeVχ
The partial width for the process Z →χ 0 1χ 0 1 at the tree level is
where the neutralino mixing matrix U As we can see from Figure 3 , the dependence of Γ on the wino mass M 2 and tan β is small and it becomes smaller as |µ| becomes large compared to m Z . We note in passing that the partial width Γ in eq. 10 41 , which happens only for tan β = 1. Next, we consider the contribution of a 10 GeVχ 
where, for the lighter CP-even Higgs boson in the decoupling limit, the complex coupling U hχχ is given, in terms of the neutralino mixing matrices U N L and U N R defined in Appendix A, by
Assuming that the Higgs boson production cross-section and partial decay widths to SM final states are the same as in the standard model, global fits to the current Higgs data from the LHC give the following upper bound on the Higgs boson invisible decay branching fraction at 95% C.L. [23] ,
where Γ h ALL denotes the total decay width of the Higgs boson. In the present context, the invisible branching fraction can be written as follows
For our numerical analysis, we have used Γ H SM Total = 4.14 MeV, with m h = 125.5 GeV [24] . The right panel in Figure 3 shows Γ h inv /Γ h ALL as a function of |µ| for different values of M 2 and tan β, using eq. (11). The solid lines correspond to M 2 = 100 GeV and the dashed lines to M 2 = 500 GeV, with different values of tan β denoted near the lines. As expected, the M 2 dependence is very small. In contrast to the process Z →χ 0 1χ 0 1 , which nearly has a constant behaviour at moderate values of tan β, Γ(h →χ 0 1χ 0 1 ) shows a large tan β dependence. This is clearly seen from the leading term in |U hχχ |,
Thus, from the above considerations, we see that a scenario with a 10 GeVχ DM can annihilate to lighter standard model (SM) fermions via t and u channel sfermion exchange, and s-channel exchange of either a Z boson or one of the three neutral Higgs bosons in the MSSM. As we have seen in the previous section, constraints on the chargino mass and the Z and Higgs boson invisible widths dictate that a O(10 GeV) neutralino has to be dominantly composed of a bino (B). Therefore, in this section we first discuss the pure bino approximation, and then comment on the modifications due to a possible small Higgsino fraction.
Pure bino annihilation
Since a pure bino couples neither to the Z boson nor to the Higgs bosons, only the sfermion exchange diagrams contribute to their pair annihilation. It is well-known that in the absence of any mixing between the sfermion gauge eigenstatesf L andf R , the s-wave component of the velocity averaged annihilation rate σv to SM fermions is proportional to m modes to consider are τ + τ − and bb. Here, we focus on the τ + τ − mode and determine the parameters in the stau sector which can give σv = σv 0 , where the value of the annihilation rate required to fit the Fermi Bubble data is estimated to be [2] σv 0 = 2 × 10 −27 cm 3 /s.
Since a light stau with mτ 1 90 GeV is allowed by the LEP data, the annihilation crosssection forBB → τ + τ − can be significant. The relevant s-wave annihilation cross-section, in the limit of zero relative velocity v between the neutralinos, is given by [8, 25, 26, 27] 
where, g ′ = e/ cos θ w is the U(1) Y gauge coupling,
We have used the shorthand s = sin θτ and c = cos θτ , with −π/2 < θτ < π/2 (our notation for the slepton masses and mixing are summarized in Appendix B).
Since the terms proportional to mB coming fromτ 1 andτ 2 exchange diagrams have opposite signs in the amplitude, for fixed values of mτ 1 and θτ , σv increases with increasing mτ 2 , and eventually reaches an asymptotic value. The mixing-induced term is maximized for θτ = π/4. In Figure 4 , we show purple solid contours in the mτ 1 − θτ plane, for ∆mτ = mτ 2 − mτ 1 = 100, 200 and 300 GeV, satisfying σv = σv 0 . The vertical curves show the lower bounds on mτ 1 as a function of θτ coming from LEP, where both the conservative ALEPH [11] and most stringent OPAL [13] bounds of Figure 1 are given. As discussed in Refs. [2, 4] , since there are possible systematic uncertainties in the value of σv 0 coming from the subtraction of the inverse Compton scattering component, we show by shaded area a region corresponding to σv 0 /2 < σv < 2 σv 0 . As clearly shown by the figures, the annihilation rate σv 0 to τ + τ − can be obtained in a certain region of the mτ 1 −θτ parameter space satisfying the LEP constraints. For example, the required value of mτ 1 for the case of maximal mixing (θτ = π/4) is 103.5 GeV, for mτ 2 = 300 GeV, according to the left plot in the second row of Figure 4 . The importance of the large stau mixing in obtaining the necessary σv is clearly seen in the figures. For θτ > 0, the range of the mixing angle that can accommodate σv = σv 0 , withτ 1 mass above the LEP limit is 30
• < θτ < 70
• for ∆mτ = 100 GeV and 25 • < θτ < 75
• for ∆mτ = 200, 300 GeV. Thus beyond around ∆mτ = 200 GeV, the asymptotic value of σv is reached for a given mτ 1 and θτ , and a further increase of the stau mass splitting has no significant effect. In all these cases,τ 1 is required to be lighter than about 106 GeV for σv = σv 0 , and it is relaxed to 125 GeV if we allow σv = σv 0 /2. On the other hand, for the case of θτ < 0, shown in the right column of Figure 4 , it is significantly more difficult to obtain a sufficiently large annihilation rate with aτ 1 that satisfies the LEP bound. Even at the maximal mixing of θτ = −π/4, ∆mτ > 200 GeV is needed to obtain σv > σv 0 /2, for mτ 1 > 90 GeV. We have checked all our results for the annihilation rate using micrOMEGAs-3.2 [28] , with the MSSM mass spectrum from the soft SUSY-breaking parameters generated by the code SuSpect-2.3 [29] 3 . Since theBB → τ + τ − annihilation cross-section is sensitive to the sign of the mixing angle θτ , we review our notation for the slepton mixing matrix and the MSSM parameters in Appendix B. The positive mixing angle favoured by the required annihilation rate in Figure 4 , corresponds to the condition
in the MSSM, with the octant 0 < θτ < π/4 (π/4 < θτ < π/2) for m (A-13) , the relatively small magnitude of the off-diagonal element (18) suffices to give the maximal mixing.
The magnitude of the stau left-right (L-R) mixing may also be constrained if we impose the (meta-) stability condition of the electroweak vacuum. In the context of previous studies on the enhancement of Γ h→γγ by a lightτ 1 and large L-R mixing in the stau sector, the consequences of this L-R mixing in de-stabilizing the electroweak vacuum was investigated [30, 31] . It is possible, in this context, to have a charge-breaking minimum of the effective scalar potential which is deeper than the electroweak symmetry breaking minimum. Quantum tunneling effects can cause vacuum decay to the true minimum of the potential, and if the decay time is larger than the age of the universe, the electroweak vacuum will be meta-stable. Based on the calculation of the upper bound on |µ tan β| from the requirement of meta-stability using semi-classical methods, a fitting formula was obtained in Ref. [31] which we use to calculate this upper bound as a function of the stau soft-masses mτ L and mτ R . As an example, for equal left and right soft masses, we can obtain a maximal mixing, θτ = 45
• and the stau mass splitting is determined by µ tan β (for A τ = 0). With mτ 1 = 100 GeV, in order to match the annihilation rate σv = σv 0 , we would require ∆mτ = 115 GeV. Such a spectrum can be obtained if µ tan β = 10.3 TeV, which is compatible with the vacuum meta-stability condition, which demands, in this case, |µ tan β| < 16.7 TeV. For the higher mass splitting cases considered in Figure 4 , if we fix mτ 1 = 100 GeV and θτ = 45
• for simplicity (both of which are consistent with the annihilation rate requirement), then we find that in order to obtain ∆mτ = 200 and 300 GeV, we would require µ tan β = 22.6 and 42.4 TeV respectively. The vacuum meta-stability condition for the above two parameter points leads to |µ tan β| < 27 TeV and 39 TeV respectively, and therefore, having a mass splitting as large as 300 GeV might not be possible if we impose this condition. However, as we have seen above, the neutralino annihilation rate already reaches an asymptotic value at ∆mτ = 200 GeV, and therefore, the vacuum meta-stability requirement does not pose any significant constraint in our scenario.
We note in passing that the value of the s-wave annihilation rate required to fit the Fermi Bubble data, eq. (16), is consistent with the bounds on σv obtained by the Fermi collaboration, based on non-observation of significant gamma-ray excess from dwarf spheroidal galaxies [32] . For a 10 GeV DM annihilating to τ + τ − , the current Fermi-LAT data excludes σv > 1.5 × 10 −26 cm 3 /s at 95% C.L. [32] . . In addition, the recent chargino mass bound from LHC in presence of a light stau puts stronger constraints on |µ|, as seen in section 2.2. We take the minimum value of |µ| = 350 GeV, making a conservative estimate based on the chargino mass constraint from the LHC and briefly discuss the implications of this small Higgsino fraction inχ 
Implications of a small Higgsino fraction
(the cross-sections have been obtained using micrOMEGAs-3.2). All other relevant parameters have been fixed as: mτ 1 = 100 GeV, mτ 2 = 215 GeV, θτ = 45
• , mχ+ 1 = 350 GeV, m h = 126 GeV, m A = 500 GeV and tan β = 30. The value of tan β is chosen to be rather large, since as we shall see in section 6, in order to explain the muon g − 2 anomaly within 1σ with a chargino and smuon mass spectrum consistent with the recent ATLAS bounds, tan β is required to be greater than 20. The stau mass splitting is kept fixed while varying |µ| by choosing appropriate values of the trilinear scalar soft term A τ . As we can see from this table, the Higgsino fraction is rather small for |µ| = 350 GeV (1.5%), and as the Higgsino fraction decreases, the annihilation rate to τ For tan β = 10, the Yukawa coupling y τ ≈ 0.103 is significantly smaller than the gauge coupling, while for tan β = 30 they become comparable (y τ ≈ 0.307). In the above parameter choices, if we just change tan β from 30 to 10, keeping the other parameters fixed, for |µ| = 500, although the gaugino and Higgsino fractions remain almost the same (0.992 and 0.008 respectively), σv (χ 0 1χ 0 1 → τ + τ − ) v→0 now becomes 1.95 × 10 −27 cm 3 /s. Therefore, in order to match the neutralino annihilation rate with the Fermi Bubble data, having a small Higgsino fraction forχ 0 1 and a relatively large tan β will be helpful, since it opens up a parameter region in the stau sector with a somewhat larger mτ 1 or smaller mixing angles.
Higgs decay rate to two photons
In the MSSM, the effective Higgs coupling to two photons is mediated by the W boson, charged fermions, charged scalar fermions, charged Higgs boson and chargino loops. In this study, among the SUSY particles, we focus on the stau loops, which can give rise to a significant contribution to the two photon decay width [33] , together with the dominant W boson and the top quark loops.
Before discussing the stau effects in detail, we briefly explain why we expect a large positive contribution from the staus and why the chargino contribution is expected to be small even for a lighter chargino mass close to the LEP bound. The two photon decay width of the lighter CP even Higgs boson in the decoupling limit through the charged scalar fermions and charginos loops in addition to the dominant W and the top loops is given by [34] :
where A 1 , A 1/2 and A 0 denote the spin 1, 1/2 and 0 amplitudes, respectively, and are expressed at the leading order by the following functions:
The parameter τ x = m 2 h /4m 2 x (≤ 1) is defined by the corresponding masse m x of the loop particle. The expansion of the loop amplitudes up to O(τ ) tells us that for m h ≃ 125 GeV, the m x dependence is already small for m x 100 GeV. In eq. (20), Cf and Qf denote the color and electromagnetic charges of the sfermionf respectively. The dimensionless coefficients g in front of the loop amplitudes denote the couplings of the Higgs h to the pair of loop particles. Both the spin of a loop particle and the sign of the coefficient g, therefore, decide the interference with the dominant W boson loop. In principle, how a loop particle affects the Higgs decay rate depends on whether its mass is increased or decreased by the existence of the Higgs field [35] . Let us first examine the chargino contribution. Since the charginos are fermions, they should work constructively with the top quark if their masses are increased by the Higgs field. The charginos are the mass eigenstates of the winosW 1,2 , each having a soft SUSY breaking mass M 2 , and the charged HiggsinosH 
while for |µ| < |M 2 |,
These approximate forms of the coefficients show that the relationship g
can always be satisfied, and since the dependence of the loop amplitudes on the loop particle mass is small for m 100 GeV (eq. (21)), the effects of the two charginos are comparable, and tend to cancel each other. Therefore, the chargino contribution is negligible even when the mass of the lighter chargino is close to the LEP bound.
We now turn to the stau contribution. The mass terms for the stau current eigenstates τ L,R are given by are increased by the 2nd and 3rd terms in eqs. (24) . From this fact and A 1 (τ ) × A 0 (τ ) < 0 as in eq. (21), we can naively expect that bothτ L andτ R contribute to the two photon decay width in the opposite direction to the dominant W boson loop, resulting in a suppression of the decay rate. This changes once we consider the mixing betweenτ L andτ R ,
where the 1st and 2nd terms arise, after the electroweak symmetry breaking, from the soft SUSY breaking term and the supersymmetric F-term respectively. If the mass of the lightest stau mτ 1 is decreased by m , and not on the overall sign. However, using a similar argument, the heavier stauτ 2 cannot work constructively with the W boson loop, and will thus suppress the decay rate.
The exact form of the Higgs coupling to the staus, g
, can be expressed as [36] 
where, sin 2θτ is given by
The combination (A τ − µ tan β sin 2θτ in g
of eqs. (26) is positive definite. Expanding the couplings up to O(m EW /m SUSY ), where m EW is m τ or m Z and m SUSY is A τ or µ, and using eq. (27) , the stau contribution to the amplitude can be expressed as
Recalling that A 1 (τ ) × A 0 (τ ) < 0 from eq. (21), the contribution of the lighter stau loop interferes constructively with the dominant W boson loop and can increase the size of the two photon decay width, while the heavier stau loop interferes destructively and can decrease it. However, unlike in the chargino case, the relationship g
is not necessary satisfied. Both the large mixing angle |θτ | ∼ 45
• and large mass splitting mτ 2 − mτ 1 imply g h τ 1 ≫ −g h τ 2 , thus resulting in an enhancement of Γ(h → γγ) by the lightest stauτ 1 .
In Figure 4 we show contours of the ratio Γ(h → γγ)/Γ(H SM → γγ) in the mτ 1 − θτ plane for different values of ∆mτ . For our numerical analysis, we have taken the model parameters as m t = 173.5, m τ = 1.77682, m W = 80.385, m Z = 91.1876, m h = 125.5 GeV, sin 2 θ w = 0.23116 and tan β = 10. This ratio can be compared with the measured signal strengths at the LHC, assuming that the Higgs production cross-section and total decay widths are not significantly modified. The present ATLAS measurement of the Higgs signal strength in the di-photon channel is 1.6 ± 0.3 [37] , while the CMS measurement is 0.78 ± 0.27 from their MVA analysis and 1.11 ± 0.31 from their cut-based analysis [38] . Since the SM value of 1 is consistent at the 2σ level with both the current measurements, no conclusion can be drawn at the moment from the data. However, since the ATLAS data continues to show an enhancement in the central value, future improvement of this measurement may provide the first hint of new physics in Higgs properties.
From Figure 4 , we can see the correlation between this decay rate and the neutralino annihilation rate to tau pairs. Two important differences between these two observables are that even though the di-photon branching fraction also increases with ∆mτ , but unlike in the case of σv (χ 0 1χ 0
, it does not reach an asymptotic value for some ∆mτ . In addition, the diphoton branching fraction is symmetric about θτ = 0
• , while σv is not. We emphasize that the region of theτ parameter space favored by the DM annihilation rate σv ∼ σv 0 overlaps with the region which enhances the h → γγ rate. 
DM
The current estimate for DM relic density, including recent data from Planck is Ω DM h 2 = 0.1199±0.0027 (68% C.L.) [39, 40] , which amounts to a thermally averaged annihilation crosssection at the time of freeze-out σv F.O. ≃ 2.2 × 10 −26 cm 3 /s [41] . For a light O(10 GeV) bino-likeχ 0 1 DM, σv F.O. is found to be lower than the above value in large regions of MSSM parameter space, leading to constraints on otherwise allowed parameter regions, and in particular lower bounds on theχ 0 1 mass [42] . Recently, it was argued in Ref. [43] that a 10 GeVχ 0 1 can satisfy the relic density constraint if all the slepton masses are close to the LEP bound. However, the LHC bounds on the first two generation sleptons have become stronger since then [16] , and when combined with the LEP results [11, 12, 13] 
2).
Since the coupling of a bino-likeχ 0 1 to sleptons is proportional to their hypercharge, the contribution ofl R (ℓ = e, µ) to σv F.O. is 16 times larger than that of al L of the same mass. Combining this with the fact that the ATLAS bound onl L is stronger (l L > 300 GeV), we conclude that for achieving a higher value of σv F.O. , it is better to interpret the ATLAS bound asl R > 230 GeV withl L decoupled, rather than taking the common bound of 320 GeV on all first two generation sleptons. We have also verified this numerically. Even then, the contribution ofl R to σv F.O. is rather low, O(10 −28 cm 3 /s). Therefore, we conclude that in view of the combined LEP and recent ATLAS limits, the first two generation sleptons do not contribute significantly to σv F.O. for a 10 GeVχ • , a possible solution satisfying the LEP bounds is mτ 1 = 90 GeV and mτ 2 = 131.5 GeV, with mν τ = 80.1 GeV. With this choice, for a pure bino-likeχ 0 1 , we find (using micrOMEGAs-3.2) that Ω DM h 2 = 0.808, with 93% contribution to σv F.O. coming from the τ + τ − channel, and the rest from the ν τντ , e + e − and µ + µ − channels. Obeying the current bounds on slepton and sneutrino masses discussed in section 2.2, it does not seem to be possible to achieve the required value of 2.2 × 10 −26 cm 3 /s for σv F.O. . Since the LHC mass bounds on the first two generation squarks is around 1 TeV [44] , and that on sbottoms is around 640 GeV [45] , the contribution from the bb and cc final states for theχ 0 1 pairannihilation are also not significant, while the loop-induced contribution to the gg final state is suppressed by a factor of α 2 s and can be neglected in relic abundance calculations compared to the fermionic final states [8] . The DM density in our scenario is thus higher than the measured value, and therefore, if we use a standard thermal history of the universe, DM will be over-abundant.
However, there are well-motivated non-standard possibilities for the thermal history of the universe. In such scenarios, late-time decays of heavy fields can produce relativistic particles and entropy, thereby diluting the relic density of DM produced at the time of freeze-out. A particularly motivated example of such long-lived massive particles is moduli. The generic requirements in such a scenario are that: 1) the decay of the heavy particle should reheat the universe to a temperature (T R.H. ) which is below the DM freeze-out temperature (T F.O. ); 2) T R.H. should be higher than the temperature scale in which big-bang nucleosynthesis (BBN) takes place; and 3) In a SUSY theory, the decay branching fraction of the heavy particle to gauginos (especially, in our case,χ 0 1 ), should be very small, so as not to produce more DM from the decay. There are generic models which satisfy all these conditions, and for a recent study focussing on the solution to the DM over-abundance problem, see Ref. [10] . For T R.H. < T F.O. , the relic density of DM is diluted by the factor (T R.H. /T F.O. )
3 . Therefore for the parameter choice described above, predicting Ω DM h 2 = 0.808, to reduce the relic density to within 2σ of the Planck result, we need to have T R.H. = 0.27 GeV (T F.O. ≃ mχ0 1 /20 = 0.5 GeV). As shown in Ref. [10] , this value of T R.H. is sufficiently far away from the BBN epoch and requires a moduli field of mass around 1 PeV. The branching fraction of such a moduli field to SUSY particles is also negligibly small, O(10 −8 ), thereby satisfying all the requirements. Therefore, in the MSSM parameter region of our interest, the DM overabundance problem can be evaded by appealing to a non-standard thermal history of the universe. 6 The muon g − 2 with a 10 GeV neutralino
The difference between the SM prediction and the experimental value of the muon g − 2 is given by [46] 
which differs from zero at 3.3σ, where a µ = (g µ − 2)/2. We take this discrepancy as a hint of new physics, and explore to what extent it can be accounted for by the supersymmetric particles. In the MSSM, a µ receives contributions at one loop level from the chargino (χ ± )−muon sneutrino (ν µ ) loop and the neutralino (χ 0 )−smuon (μ) loop. In this section, we estimate the MSSM contribution to the muon g −2 in our scenario with a 10 GeV bino-like neutralino, taking into account all the experimental constraints discussed in Section 2. Our main findings can be summarized as follows. Even though the bino-like neutralino is significantly light, the bino contribution is unlikely to account for the difference in eq. (29), unless (A µ − µ tan β) ∼ 1770 TeV for mμ 1 = 350 GeV and θμ = 45
• . After taking into account the recent ATLAS bounds on chargino and smuon masses, we find that the contribution from the chargino-muon sneutrino loop is sufficient to explain the data, even if the contributions from the other diagrams are small. However, in order to accommodate the g − 2 discrepancy within 1σ a somewhat larger value of tan β (greater than 20) is necessary.
Following the paper by G. C. Cho et al. [47] , the leading terms of the MSSM contribution to the muon g − 2 in the m EW /m SUSY expansion, where m EW is m µ , m W or m Z and m SUSY is mμ, mν, M 1 , M 2 or µ, are given by five diagrams written in terms of weak eigenstates, see Figure 1 and eq. (2.6) in ref. [47] . In our scenario, where the bino and Higgsino must be decoupled from each other, the dominant terms are given by
where
Note that F a (x, y) and F b (x, y) are defined to be positive for all positive x and y, and F a (x, y) is always larger than F b (x, y) for the same arguments [47] . Eq. (30a) expresses the contribution from the wino-Higgsino mixed charginos and muon-sneutrino loop, while eq. (30b) from the wino -Higgsino mixed neutralinos and left-handed smuon loop. These two contributions can be efficient when the wino and Higgsino are maximally mixed, namely |M 2 /µ| ∼ 1. If we neglect the electroweak terms in the left-handed smuon and the muon sneutrino masses, both of them are equal to m 2 L and the arguments of F a,b (x, y) in eqs. (30a, 30b) are the same. Considering a factor of 2 and F a (x, y) > F b (x, y), we can conclude that the positive discrepancy between the data and the SM prediction favors M 2 µ > 0. We emphasize that the right handed smuon is not relevant to these processes. Eq. (30c) expresses the contribution from the bino and left-right mixed smuon loop, which is positive for (µ tan β − A µ )M 1 > 0, which implies M 1 µ > 0.
We first consider a scenario in which the smuon mixing angle |θμ| is set to 90
• . This is achieved when, in eq. (A-13),
Since m 2 µ LR is proportional to the muon mass m µ , this relationship is satisfied except when m
or |A µ − µ tan β| is very large. For |θμ| = 90
• , according to eqs. (30) , the chargino and muon sneutrino loop dominantly contributes to ∆a µ , whereas the contribution involving the bino loop is suppressed. In Figure 5 , we show the MSSM contribution to ∆a µ as a function of the left handed smuon mass mμ L with |θμ| = 90
• . The mass of the lighter chargino is fixed at mχ− 1 = 350 GeV, which is just above the LHC bound quoted in Section = 350 GeV, which prevents the lighter chargino from decaying via the smuon, see Section 2.2. For our numerical analysis, we have fixed mμ R = 350 GeV for definiteness, and changing this value does not modify our results. The discrepancy between the data and the SM prediction quoted in eq. (29) is indicated by the horizontal solid black line, while the shaded region corresponds to the 1σ uncertainty. We have fixed the value of tan β along the curves. For the black curves, M 2 /µ = 1 is satisfied, where the wino and Higgsino are maximally mixed and the largest contribution is predicted. On the other hand, for the red curves, M 2 /µ = 0.5 or 2 is satisfied. M 2 /µ = 0.5 represents the case when the lighter chargino is wino-like, while M 2 /µ = 2 corresponds to a Higgsinolike lighter chargino. The result is symmetric between these two cases, as also implied by eqs. (30a) and (30b). The signs of M 1 and M 2 are chosen such that M 2 µ > 0 and M 1 µ > 0. Figure 5 shows that the contribution from only the chargino and muon-sneutrino loop is sufficient to explain the discrepancy in the muon g − 2 within 1σ only when tan β is large, at least 22 for M 2 /µ = 1 and 32 for M 2 /µ = 0.5 or 2. For the analysis in this plot, we have used the full one loop result given in ref. [48] .
Next, we consider a scenario in which the smuon mixing is maximal θμ = 45
• and estimate the contribution from the bino and left-right mixed smuon loop given by eq. (30c). The maximal mixing is obtained for m • , the value of A µ − µ tan β = 3 TeV gives ∆a µ (B,μ L −μ R ) ≃ +0.2, and the value of A µ − µ tan β = 47 TeV gives ∆a µ (B,μ L −μ R ) ≃ +2.6, both in units of 10 −10 . These are evaluated using eq. (30c), where we have set M 1 = −10 GeV such that ∆a µ (B,μ L −μ R ) gives a positive contribution. Thus we find that the contribution from the bino and left-right mixed smuon loop cannot contribute significantly to the difference (eq. 29) even for a very light bino (10 GeV), if the trilinear term A µ is of the same order as A τ which gives the desired bino annihilation rate.
Summary
To summarize our study, we consider the possibility that a component of the low-latitude emission in the Fermi Bubble gamma ray data can originate from a 10 GeV DM particle annihilating to τ + τ − with σv = 2 × 10 −27 cm 3 /s. We exploreχ
via stau exchange diagrams, and determine the region in the (mτ 1 , mτ 2 , θτ ) parameter space which can accommodate the above data. It is found that the stau mixing plays a major role in enhancing σv , and for a given mτ 1 and θτ , σv increases with ∆mτ = mτ 2 − mτ 1 , reaching an asymptotic value at around ∆mτ = 200 GeV. To determine the constraints in the stau sector, we revisit the LEP direct search bound on mτ 1 as a function of θτ . We also use the electroweak precision constraints to find that upto ∆mτ = 300 GeV with a light τ 1 and significant mixing θτ , the contribution of the stau loops to the oblique parameters are consistent with the data. We also verified that the necessary stau mass splitting and mixing angle are compatible with the requirements of vacuum meta-stability. After taking into account the constraints on the Higgsino mass parameter µ, and hence on the Higgsino admixture to a bino-likeχ 0 1 , coming from the upper bounds on the Z and Higgs boson invisible widths as well as the bound on chargino mass from LHC in a scenario with a light stau, we go on to explore the implications of this small Higgsino fraction to the annihilation rate.
One of the main results of our paper is the correlation of σv (χ 0 1χ 0 1 → τ + τ − ) with Γ(h → γγ), since both these observables depend crucially on mτ 1 , θτ and ∆mτ . We find that both are enhanced in presence of a lightτ 1 and large mixing θτ , and there are regions in the mτ 1 − θτ parameter space which can accommodate both the required annihilation rate as well as the possibility of an enhanced Higgs decay rate to two photons. In particular, forτ 1 masses obeying the most stringent lower bound from LEP (OPAL), in the parameter region consistent with the best-fit value of the annihilation rate, Γ(h → γγ) is always found to be enhanced. The dependence on the sign of θτ is however found to be different. For the same mτ 1 and ∆mτ , σv is larger for θτ > 0, but Γ(h → γγ) is symmetric about θτ = 0.
Since the allowed Higgsino fraction of a 10 GeVχ 0 1 is rather small, and the recent ATLAS SUSY search results put stringent bounds on the first two generation sleptons (mẽ R , mμ R > 230 GeV), we find that it is difficult to achieve a sufficiently large annihilation rate σv F.O. , required to reproduce the observed value of the DM relic density. To avoid the problem of DM over-abundance, a non-standard thermal history of the universe may be required, in which the late time decay of a heavy field like moduli reheats the universe to a temperature below the DM freeze-out temperature. Taking an example MSSM mass spectrum in our scenario, we find that the required value is of the order of T R.H. = 0.27 GeV, which is sufficiently above the epoch of BBN. A decay of a moduli field of mass around 1 PeV can give rise to such a T R.H. , and the branching fraction of such a moduli field to SUSY particles is also negligibly small, O(10 −8 ). Since in many well-motivated theoretical scenarios the thermal history of the universe can be modified, the MSSM parameter space explored in this study can be made consistent with the relic density requirement.
Finally, we estimate the MSSM contribution to the muon g −2 taking into account all the experimental constraints on the MSSM spectrum, in particular, the recent ATLAS bounds on the smuon and chargino masses. We find that even though the bino-like neutralino is significantly light, the bino contribution is unlikely to account for the discrepancy. However, it is possible to explain the anomaly within 1σ by the chargino and muon-sneutrino loop alone with a somewhat larger value of tan β (> 20).
Therefore, it will be interesting to look for signals of a light stau with a mass less than about 130 GeV in the future LHC data, in final states with boosted tau leptons and missing energy. If in addition, with the accumulation of large statistics, the LSP and NLSP masses could be estimated, that would lead to a direct test of the scenario considered in our study. Indirect hints might also be forthcoming in the future LHC measurement of the h → γγ signal strength with a much better accuracy. It is also very important to see if a similar hint is found in the future Fermi-LAT gamma ray data from dwarf spheroidal galaxies, which are much cleaner probes for studying signals of annihilating DM. We, therefore, introduce a diagonal phase matrix P = diag(e Consequently, the mass eigenstates are expressed as
It should be noted that in our phase convention, the Majorana conditions for the current states, -10) are preserved for the mass eigenstates (neutralinos),
(A-11)
B Slepton mass and mixing
In this appendix, we define our notation for slepton masses and mixing, which play a major role in our study. The scalar supersymmetric partnersl L,R of the left and right handed leptons mix with each other and give rise to the mass eigenstatesl 1,2 . The current eigenstatesl L,R are related to the mass eigenstatesl 1,2 by a real unitary matrix as
The slepton mass squared matrix in the current state basis is given by
